Three populations of harp seals (Phoca groen landica) inhabit the North Atlantic. Whelping occurs east of Newfoundland and in the Gulf of St. Lawrence (the north-west Atlantic stock), off the east coast of Greenland (the Greenland Sea stock) and in the White Sea (the Barents Sea/White Sea stock) (Sergeant 1991) . One of the most numerous mammalian species in the North Atlantic, the harp seal is an important predator both in the north-west Atlantic (Beck et al. 1993; Lawson & Stenson 1997; Hammill & Stenson 2000) and the north-east Atlantic (Nilssen, Haug, Potelov, Stasen kov et al. 1995; Nilssen, Haug, Potelov & Timo shenko 1995; Nilssen et al. 2000; Lindstrøm et al. 1998; Haug et al. 2000) . During autumn and early winter (July-December) the harp seal populations of the Greenland Sea and the Barents Sea/ White Sea overlap in the northern and north-eastern Barents Sea (Sivertsen 1941; Haug et al. 1994; Folkow et al. 2004 ). This is a period with intensive feeding and blubber deposition; the seals are fat and in good body condition in SeptemberOctober Nilssen et al. 1997) . In early winter (December) the seals migrate towards their breeding and moulting areas in the White Sea/south-eastern Barents Sea and Greenland Sea (Haug et al. 1994; Folkow et al. 2004) .
Seal diet has been studied through analyses of gastrointestinal tract contents (Lindstrøm et al. 1998; Wathne et al. 2000) and prey remains in faecal samples (Fea & Harcourt 1997; Lea et al. 2002) . Although such analyses provide important qualitative and quantitative information, they are biased. For example, prey species lacking hard parts or whose hard parts are easily digested may be underestimated, whereas prey with hard parts such as squid beaks may be overestimated (Pierce & Boyle 1991; Bowen 2000; Arim & Naya 2003) . Another shortcoming is that only the last meal, often consumed near haul-out and breeding localities, can be studied. Prey from other parts of the species' foraging range may be missed.
Lipids have been used as trophic markers to Fatty acid profi les and lipid biomarkers from 20 harp seals were used to investigate the foraging ecology of harp seals and the transfer of energy through the Franz Josef Land-Novaya Zemlya food chain. High levels of the Calanus fatty acid trophic markers (FATMs) 20:1(n-9) (mean 14.6 %) and 22:1(n-11) (mean 6.5 %), together with the typical dinofl agellate FATMs 22:6(n-3) (mean 6.5 %) and C18PUFA (mean 5.5 %), were found in blubber samples. Based on the analyses of the fatty acid profi les separated by principal component analysis, we confi rmed the importance of polar cod (Boreogadus saida) and the pelagic amphipod Themisto libellula in the diet of harp seal. The high levels of 22:6(n-3), C18PUFA and C20 and C22 FATMs show that the harp seal lipids mainly originate from dinofl agellates consumed by Calanus copepods.
S. Falk-Petersen, A. Wold & T. M. Dahl, Norwegian Polar Institute, Polar Environmental Centre, NO-9296 Trom sø, Norway, stig@npolar.no; T. Haug & K. T. Nilssen, Institute of Marine Research, Box 6404, NO-9226 Tromsø, Norway. study predator-prey relations (Falk-Petersen et al. 1990 , Falk-Petersen et al. 2002 . The origins of fatty acid trophic markers (FATMs) can be identifi ed to specifi c taxa. Transferred from one trophic level to the next, they provide insight into ecosystem dynamics by indicating pathways of energy fl ow (Dalsgaard et al. 2003) . Commonly known FATMs are: 20:5(n-3) for diatoms; 22:6(n-3) and C18PUFA (polyunsaturated fatty acids) for dinofl agellates-Phaeocystis phouchetii; and C20 and C22 monounsaturated fatty acids for Calanus copepods (Table 1) . Fatty acid (FA) profi les in predators show an integration of prey over periods from weeks to months (Bowen 2000; Arim & Naya 2003) , providing information beyond what can be obtained from stomach content alone. Some FAs are biosynthesized de novo by animals, but essential FAs with a double bond at n-3 and n-6 are never synthesized by mammals (Cook 1985) . During periods of fattening, FAs absorbed from the diet go directly to fat deposits used for energy storage or insulation (Iverson 1995) . Blubber from seals sampled after a period of intensive feeding with subsequent fat deposition will in principle refl ect the FA profi le of their important prey species. Multivariate statistical methods have been introduced in FA signature analysis (Grahl-Nielsen & Mjaavatten 1991; Iverson 1993) . Such methods allow comparison not just of single FAs but of entire FA profi les in animal tissues, making it possible to detect relationships and patterns within complex data (Birks 1987) . Analyses of FA profi les have been used in a number of dietary studies of mammals (Iverson et al. 1997; Brown et al. 1999; Dahl et al. 2003; Walton & Pomeroy 2003) .
The objectives of this study were: to describe FAs in the blubber of harp seal during the prebreeding season in autumn; to study trophic linkages through FATM at this period; and to examine prey selection through FA profi les and compare these results with stomach/gut content analyses.
Materials and methods

Sampling
A Joint Norwegian-Russian Fisheries Commission agreement permitted up to 500 harp seals to be caught in the northern Barents Sea for scientifi c purposes in 1995. Twenty harp seals were shot on ice fl oes in a relatively restricted area south-east of Franz Josef Land between 21 and 25 October 1995 (Nilssen et al. 1997) . Dorsal blubber cores, ca. 5 × 5 cm, were taken through the full depth of the blubber layer at the midline between the front fl ippers. The cores were immediately wrapped in aluminium foil, packed in plastic bags and frozen at -20 °C until analysed.
Prior to analysis, to assess the quality of lipid after the long period of storage, the levels of free fatty acids (FFAs) in the total lipid extracts were measured using high performance thin layer chromatography (Falk-Petersen et al. 2002) . FFA levels were ca. 3 %, indicating that the blubber lipid had not markedly degraded and the quality of the samples was adequate for our analyses.
Size and age
Seals were weighed to the nearest kg (W). Lengths (L) were measured from the tip of the snout to the tip of the tail, and the dorsal blubber (d) was measured in mm in a knife cut along the midline between the front fl ippers (Nilssen et al. 1997) . The condition index (C) (Ryg et al. 1990 ) is expressed as C = √ (L/W)*d (Table 2) . There are other methods for calculating condition indices (Tierney et al. 2001 ); we chose this method because it has been validated for harp seals (Nilssen et al. 1997) . The blubber thickness is taken as an indicator of the general condition of the animals and refl ects the life history of the animal during the last few months. One canine tooth was extracted after boiling the jaw. From each tooth, a 10 -12 πm transverse section was mounted on a glass slide. Sections were examined under transmitted light and ages estimated from counts of growth layers in the dentine, by one experienced reader (Bowen et al. 1983 ). 
Bio-indicators Taxa
22:6(n-3) and C18PUFA Dinofl agellates 18:4(n-3), 18:5(n-3), 18:2(n-6) Phaeocystis pouchetii 20:5(n-3) and C16PUFA Diatoms 16:4(n-1) Melosira arctica 20:4(n-6) Benthic littoral algae 20:1(n-9) and 22:1(n-11)
Calanus copepod Phytol Phytoplanktonic origin C25PUFA Sediment detritus Branched fatty acids Bacteria
Fatty acid analysis of harp seals
Near-muscle blubber (10 mm thick, 2 mm diameter) was taken from the full dorsal core for FA analysis. The inner blubber layer was used because this layer is metabolically active and the FA profi le will refl ect the recent diet, as shown in studies of minke whales (Balaenoptera acutoro strata) (Olsen & Grahl-Nielsen 2003) and elephant seals (Mirounga leonina) (Best et al. 2003) . The samples were thawed, transferred to test tubes and 5 ml 2:1 chloroform/methanol with butylated hydroxytoluene (BHT) was added. Total lipid was extracted using the method of Folch et al. (1957) . Lipid class composition was measured by quantitative thin-layer chromatography (TLC) densitometry (Olsen & Henderson 1989) . Triacyl glyc erols (TAG) were separated on TLC silica gel plates using hexane:diethyl ether:acetic acid (90:10:1, by volume). The samples were supplemented with a known amount of the FA 21:0, as an internal standard, and transmethylated in methanol containing 1 % sulphuric acid with toluene for 16 hours at 50 °C. Fatty acid methyl esters (FAMEs) were purifi ed by TLC using hexane:diethyl ether:acetic acid (85:15:1, by volume) as the developing solvent. They were recovered from the absorbent by elution with BHT. FAMEs were identifi ed and quantifi ed by gas chromatography. This was done by comparison with well characterized marine fi sh oils, as described by Dahl et al. (2000) . Results are given as relative percentages of the different FAMEs.
Fatty acid analysis of prey species
Data on lipid composition of potential prey species were available for the euphau siid Thysanoessa inermis, polar cod (Bor eo ga dus saida), the liparids Liparis fabricii and L. lip aris collected in Kongsfjorden, Spitsbergen, in September 1999 Falk-Petersen unpubl. data) and the amphipod Them isto libellula collected north of Svalbard in September 1998 (FalkPetersen unpubl. data). The species included were, by mass, the most dominant species likely to be potential food for the harp seals in 1995 (Lindstrøm et al. 1998; Gjø seter 1998; Wathne et al. 2000) . FA analyses of all prey species, except for polar cod, included whole individuals.
Data processing
In seals, ingested wax esters (WE) are hydrolysed to FFAs and free fatty alcohols which then are assimilated and subsequently converted to TAG or regenerated to WE (Falk-Petersen et al. 2002) . To compare WE and TAG ingested by an animal to TAG and WE deposited, they need to be treated as one and the same. This is done by averaging (by molecular weights) given fatty alkyl and fatty acyl units of WE with the same chain lengths and numbers and positions of double bonds. The compositional data can then be related to neutral lipid in a predator consuming WE, irrespective of whether the predator converts its dietary WE to TAG or deposits them directly as WE. We use the term "moiety" for all processed data (FalkPetersen et al. 2002) .
Statistical analyses
Moieties with low amounts (< 0.5 %) in all samples were excluded because the precision of their determination is low. Remaining percentage values were log-transformed (log +1) to level out dif ferences between FAs presented in large and small amounts. This method has been used previously for similar data (Dahl et al. 2000; Dahl et al. 2003 , Olsen & Grahl-Nielsen 2003 . The log trans formed values were subjected to principal com ponent analysis (PCA) (Wold 1987) , using the SIRIUS program package (Kvalheim & Karstang 1987) . Only components having eigenvalues > 1 and that accounted for at least 5 % of the total variance were considered signifi cant and retained for evaluation (Hair 1998 
Results
Size and age
The sampled seals ranged in age from underyearlings to 24 years and weighed from 38 to nearly 160 kg ( Table 2 ). The sample can be divided in three age categories: 8 young animals (0 -3 years); 6 animals in the middle age group (9 -13 years); and 6 older animals (16 -24 years). The older individuals had high condition index (except females nos. 15, 18 and 42); among the young animals there was larger variation in the condition index.
Fatty acid profi les
Twenty-six FAs were found at levels > 0.5 % of total in at least one individual (Table 3) . These FAs constituted 94 -99 % of the total FAs detected. In harp seals the saturated FAs 14:0 and 16:0 occurred at mean levels of 7.6 % and 9.5 %, respectively (Table 4 ). There were also moderate levels of the monounsaturated 18:1(n-7) (3.2 %) and high levels of 18:1(n-9) (14.4 %). Large amounts of the copepod biomarker 20:1(n-9) were found (mean 14.6 %); values in seals nos. 18, 26 and 29 were as high as 21 -23 %. Moderate amounts of 22:1(n-11) (mean 6.5 %) were also recorded. Of the phytoplankton FATMs, 22:6(n-3) was recorded at high levels (mean 9.6 %), followed by 16:1(n-7) (9 %), 20:5(n-3) (5.8 %), C18PUFA (5.5 %) and 22:5(n-3) (3.8 %). PCA resulted in principal components (PCs) explaining 84 % of the total variance (PC1: 58 %, PC2: 15 %, PC3: 11 %). The separation of the different individuals along PC1 and PC2 is shown in Fig. 1a . Based on the loadings of FAs along PC1 (Fig. 1b) , the main cause of separation of individuals was differences in levels of the Calanus FATM C20 and C22 monounsaturated FAs (high in nos. 24, 29, 18, 28 and 26, and low in nos. 15, 12, 13, 6, 25 and 42) . The main cause of separation along PC2 was differences in levels of the diatom FATM 20:5(n-3) and 16:1(n-7) (high in no. 42, low in no. 3). To a lesser extent, differences in levels of 18:3(n-3) and the dinofl agellate biomarker 22:6(n-3) (high in nos. 3 and 19, and low in nos. 29 and 26) caused separation along PC2.
Fatty acids in potential prey
The exploration of FA composition of harp seal and its potential prey by PCA (Fig. 2) resulted in the extraction of four signifi cant PCs. In combination, these PCs explained 89 % of the total variance (PC1: 49 %, PC2: 22 %, PC3: 12 %, PC4: 6 %). The samples' scores on all four PCs were explained by species variations (ANOVA F 5, 38 > 8.8, p < 0.001, adjusted R 2 > 0.5). Krill (Thysanoessa inermis) and liparids clustered separately to the left side because of the low levels of 20:1(n-9) and 22:1(n-11) and low level of 18:1(n-7). Harp seal scores on PC1 did not differ from polar cod and T. libellula, mainly due to the high level of 20:1(n-9) and 22:1(n-11) in all species. Harp seal differed from both prey species along PC2, mainly due to the exceptionally high level of 22:5(n-3) and the dinofl agellate biomarker 22:6(n-3). There was no signifi cant relationship between the condition index and levels of 20:1 and 22:1 moieties (Fig. 3) . However, all animals with a condition index above 60 had high 20:1 and 22:1 levels. The exception-the under-yearling, no. 12-had good condition and low 20:1 and 22:1 levels.
Discussion
The FA signatures showed a stronger relationship between harp seal and both polar cod and T. libelulla than to the other fi sh species (L. fabricii and L. liparis) and krill. Gastrointestinal tract contents from the same animals confi rmed a diet dominated by the pelagic amphipod T. libellula and polar cod. In addition, a few fi sh species, including liparids and cottids, and shrimps were found in low numbers in a few gastrointestinal tracts (Lindstrøm et al. 1998) . The harp seal diet in the northern Barents Sea in 1990-92 was dominated by amphipods in September and capelin (Mallotus villosus) and to a lesser extent polar cod in October . The lack of capelin in the harp seal diet in 1995 could be due to the collapse of the capelin stock in 1992/1993 (Barrett 2002) . The eastern location of the October 1995 sampling area may also have been outside the usual range of the Barents Sea capelin (Gjøsaeter 1998) .
The use of FATMs in food chain studies is based on the observation that marine primary producers lay down FA patterns characteristic of different taxa that may be transferred through the food chain (Sargent & Falk-Petersen 1981; Dalsgaard et al. 2003) . The diatom-and-dinofl agellate-P. phouchetii FATM, together with specifi c markers produced by Calanus spp., can then be followed through the ecosystem via the herbivores to predators (Falk-Petersen et al. 1986; Falk-Petersen et al. 1990; Dahl et al 2003) . Of the important phytoplankton in polar waters, the diatoms tend to be rich in 20:5(n-3) and 16:1(n-7) but defi cient in C18PUFA. The dinofl agellates-P. phouchetii tend to be rich in C18PUFA and 22:6(n-3), but defi cient in 16:1(n-7). The high Table 1 ) and their contribution to the spread of seal samples along PC1 and PC2. The asterisk indicates both n-9 and n-11 isomers.
(a) (b) Fig. 2 . Principal component plot of seal blubber samples and potential prey based on sample moiety compositions. Samples are presented by their mean score value ± standard deviation on PC1 and PC2. Only moieties with high loadings on any of the signifi cant extracted PCs are presented. The asterisk indicates both n-9 and n-11 isomers.
Pg Phoca groenlandica Bs Boreogadus saida Tl Themisto libellula Lf Liparis fabricii Ti Thysanoessa inermis
Lg Liparis liparis Fig. 3 . Relation between condition index and the sum of all 20:1 and 22:1 moieties. Individuals are numbered as in Table 2 . levels (22 %) of the dinofl agellate-P. phouchetii FATMs in harp seal blubber contrast with the FA composition of beluga whales (Del phinapterus leucas) and north ern fulmars (Ful marus glacialis) from western Spitsbergen: the two species exhibited the dinofl agellate markers 22:6(n-3) (6 %) and C18PUFAs (3 %) (Dahl et al. 2000; Dahl et al. 2003) . This may indicate differences between the west Spitsbergen system, dominated by diatoms , and the Franz Josef Land-Novaya Zemlya system, where this study indicates that dinofl agellates-P. phouchetii dominate. The 20:1 and 22:1 moieties are formed de novo by Calanus spp. (Sargent & Henderson 1986; Scott et al. 2002) . The high levels of these two moieties in harp seal blubber (15.1 % and 7.6 %, respectively) show the importance of Cal anus spp. in the harp seal food chain. Calanus spp. have also been proved to be important in the food chain of beluga whale, northern fulmar and black-legged kittiwake (Rissa tridactyla) in Svalbard, in minke whales from the North Atlantic and in humpback whales (Mega ptera novaeangliae) from the Gulf of St. Lawrence (Borobia et al. 1995; Dahl et al. 2000; Dahl et al. 2003; Møller et al. 2003; Olsen & Grahl-Nielsen 2003) . In contrast, harbour seals in Prince William Sound, Alaska, and grey seals a Both n-9 and n-11 isomers.
